Asparagine is the dominant amino acid in cotton root tips (Acala SJ-1). Two 
sized from cyanide is not in an active metabolic pool. Other products labeled include anion and neutral components. The exact nature of the latter is not known.
The biosynthesis of asparagine by plant tissues has been of interest in recent years. Despite numerous investigations, the exact biosynthetic pathway is not clearly resolved. In 1955, Webster and Varner (20) reported asparagine biosynthesis in plant tissue by an enzymic mechanism similar to the glutamine synthetase reaction in which aspartate is converted to asparagine in the presence of NH3, ATP, and magnesium ions. Somewhat later, Oaks (12) reported the conversion of aspartate to asparagine in the presence of ATP, NH3, and magnesium in maize tissue. A specific enzyme catalyzing this reaction, however, has not been purified from plant tissue, and its existence (at least as asparagine synthetase, EC 6.3.1.1) remains somewhat questionable at this time. Wilson, Krotkov, and Reed (21) demonstrated the biosynthesis of asparagine from CO2 in the light by Lupinus angustifolius. In a similar experiment, Lees, Farnden, and Elliott (9) demonstrated CO2 and cyanide incorporation into asparagine in the light by the same species. They also reported conversion in vivo, but not in vitro, of aspartate to asparagine. In 1963 Blumenthal-Goldschmidt, Butler, and Conn (4) reported that the amide carbon of asparagine could be derived from cyanide. They clearly demonstrated asparagine synthesis from cyanide in sorghum, barley, pea, flax, red clover, and white clover after 40 hr of incubation in the light. Since that time numerous investigators have demonstrated the incorporation of cyanide into asparagine. Almost all experiments, however, have been conducted under illumination with green tissue derived from cyanogenic plants.
In this paper, we report that cotton root tissue can assimilate either carbon dioxide or cyanide to form asparagine as an ultimate product.
MATERIALS AND METHODS
Plant Material. Cotton seed (Acala SJ-1) was germinated on filter paper at 25 C. Three-day old root tips 1 cm long were used in all experiments.
Amino Acid Analysis. Amino acid analyses were conducted with an automatic analyzer with an 8-hr zinc ligand analysis (3). Tissue was extracted by freezing in liquid nitrogen, grinding to a fine powder, and extracting with a sequential solvent system of chloroform-methanol, water, and chloroform as previously described (17) . The water-methanol fraction was passed through a Dowex 502 (1-X 10-cm) column in the hydrogen form. Amino acids were eluted from the column with 2 N ammonium hydroxide. The ammonium hydroxide eluate was freeze-dried, and the amino acids were dissolved in a minimum volume of buffer.
Organic Acid Analysis. Organic acids were extracted from 2.5-day-old cotton root tips and analyzed on a silicic acid column according to the method described by Swim and Utter (14) . Organic acid samples were prepared similarly to the amino acids. After extraction with the chloroform-methanol-water system, amino acids were removed with a Dowex 50 column (see above). The sample was subsequently placed on a Dowex 1 (1-X 10-cm) column prepared in the formate form. Organic acids were eluted with 8 N formic acid, freeze-dried, and redissolved in 0.2 N H2SO4 prior to silicic acid column chromatography.
14C Tracer Studies. Carbon dioxide fixation studies were conducted by floating 1 cm long, 3-day-old root tips on 5 ml of 0.05 M, pH 7.5, tris buffer at 25 C for varying times up to 1 hr. Approximately 20 roots were used per flask. The buffer contained 50 ,uc of NaH'4CO3 (specific radioactivity = 50 ,uc/,umole). Incubations were conducted in a closed container. After the 1-hr uptake period, a pulse experiment was conducted by quickly washing and transferring the roots to a nonradioactive buffer solution. Samples were taken during a subsequent 90-min period. After the uptake period, the tissue was quickly washed with distilled water, frozen in liquid nitrogen, and ground to a fine powder prior to extraction of water-soluble components. Extraction and separation of amino and organic acids and subsequent chromatography was conducted as described previously (15, 17) .
Radioactive cyanide uptake studies were conducted similarly Chromatographic analysis of the amino acid fraction revealed three major products labeled with 14C ( Fig. 3 ). Aspartate, with a decreasing slope, seemed to be the first amino acid labeled. Secondary major products were glutamate and asparagine. Several other ninhydrin-positive areas were labeled with radioactivity; however, these were not identified. After the 1-hr labeling experiment, asparagine was the major labeled amino acid. The subsequent chase or pulse experiment suggested that asparagine, unlike malate, was not in an active turnover pool under these conditions. Whereas aspartate and glutamate rapidly lost label, asparagine remained high and nearly steady during the 1.5-hr chase. Hence, these data suggest that the asparagine is not in an active turnover pool, at least under these experimental conditions.
Cyanide Incorporation Studies. When cotton root tips were incubated in K14CN, a significant quantity of radioactive cyanide was taken up (Fig. 4) . Subsequent column chromatography indicated that organic acids, amino acids, and neutral compounds were labeled (Fig. 5) Thin layer chromatography of the amino acid fraction indicated two major amino acids, ,B-cyanoalanine and asparagine (Fig. 6) . The kinetic experiments shown in Figure 6 suggested that 3-cyanoalanine was converted to asparagine. Elution of the ,B-cyanoalanine from the thin layer chromatogram and subsequent acid hydrolysis yielded asparagine. The latter as well as chromatography with authentic ,B-cyanoalanine seemed to verify its identity. Thin layer chromatography also indicated the presence of aspartate as well as an area which could have been glycine or serine, or both.
An experiment designed to ascertain the turnover of asparagine suggested that the asparagine synthesized via the cyanide pathway is not in a turnover pool. A 1-hr uptake experiment, followed by a 1-hr incubation period in which the radioactive cyanide was removed, indicated that the total activity did not change significantly during the chase period (Table II) . The organic acid fraction decreased somewhat in radioactivity while the amino acid fraction increased slightly. After the initial uptake period, about 42% of the activity was in asparagine whereas after the 1-hr chase period nearly 48% of the activity was in asparagine. f3-Cyanoalanine had nearly 39% of the activity after the initial uptake period and 35% after the chase period. These data seem to indicate that the carbon from cyanide is not in an active turnover pool, and that the asparagine synthesized via the cyanide pathway accumulates. Figure 1 . 14CO2 fixation was for times up to 1 hr followed by a 1k-hr chase period to determine product turnover (see Fig. 1 ). Figure 1 . 14CO2 fixation was from times up to 1 hr followed by a 1k2-hr chase period to determine product turnover (see Fig. 1 ). from nonhigher plant sources. Despite reports of the conversion in vivo of '4C-labeled aspartate to asparagine in various plant sources and numerous statements in the literature attributing an aspartate-asparagine relationship, documentation or purification of an asparagine synthetase enzyme has not been reported in the recent literature (8) . The photosynthetic biosynthesis of asparagine from labeled carbon dioxide has been reported (12, 21) . Such experiments, however, do not yield specific evidence concerning biosynthetic pathways. Our data indicate that asparagine can be synthesized in the dark by cotton root tissue from cyanide and bicarbonate. Important is the observation that an ultimate product of both CO2 fixation and cyanide incorporation seems to be asparagine, the dominant amino acid in the cotton root tissue.
In general most higher plants accumulate organic acids, usually malate, after nonphotosynthetic carboxylation; however, certain halophytic plants may accumulate aspartate or other amino acids in lieu of organic acids (19) . The major organic acid product of dark CO2 fixation by cotton root tissue seemed to be malate. In the experiments reported in this paper, after a 60-min incubation period there was four times the 'IC-carbon in malate as in asparagine. The kinetics of the experiment, however, suggest that the synthesis of malate occurs with a decreasing slope whereas the synthesis of asparagine occurred with an increasing slope. Glutamate, a prominent amino acid in cotton root tips, was synthesized with a positive slope similarly to asparagine. Aspartate, however, appeared with a negative slope, suggesting that it was a primary amino acid product. Three of the four major products, malate, aspartate, and glutamate, appeared to be in metabolic turnover pools inasmuch as a 1-hr pulse labeling experiment followed by a 90-min turnover period demonstrated rapid loss in activity. Asparagine, on the other hand, did not lose radioactivity during the turnover period following the pulse labeling. Hence, these data indicate quite clearly that asparagine synthesized via the carbon dioxide fixation pathway is not in an active metabolic pool, at least under these conditions. These data further suggest that aspartate is converted to asparagine.
The general pattern of CO2 fixation by cotton root tips is not substantially different from CO2 fixation patterns observed in other plants. For example, in our own work the kinetics of labeling and delabeling by corn root tips after a pulse showed an identical pattern, except that in the corn root tips aconitate seems to be the compound that is not in an active turnover pool (17) . It is worth emphasizing that in previously reported work, the malate synthesized via nonphotosynthetic CO2 fixation is in a relatively active metabolic pool (16, 17, 18) .
The kinetics of cyanide incorporation are considerably more complex than those of the CO2 fixation pathway. Kinetic analysis of all the data (see Fig. 5 ) indicates that the organic fraction is labeled first. Unfortunately, we have not been able to rule out the presence of cyanide in this fraction. In the amino acid fraction, the kinetic studies seem to indicate clearly that f3-cyanoalanine is the primary acceptor, which is slowly converted to the ultimate product, asparagine (Fig. 6) . A perplexing problem is that even after a 1-hr labeling period, nearly 40 % of the radioactivity in the amino acid fraction is associated with ,B-cyanoalanine and about 40% is associated with asparagine. After the 90-min chase period, 35%, of the radioactivity remained in 3-cyanoalanine.
Because of the presence of substantial quantities of labeled 3-cyanoalanine, we expected to be able to measure this amino acid in the free pool amino acid extracts. A possible explanation for the lack of detecting f-cyanoalanine is that very little asparagine is actually synthesized via the cyanide pathway in cotton root tips. A further point of interest is that fl-cyanoalanine is nonenzymatically hydrolyzed to asparagine in acid solution, and hence much of the asparagine labeled from cyanide could have resulted from our analytical procedure. The observation that the asparagine synthesized via the CO2 fixation pathway and the cyanide incorporation pathway is not in an active metabolic pool is consistent with previous reports concerning asparagine. For example, Lees et al. (9) working with wheat shoots suggested that asparagine is a terminal metabolite except for some incorporation into protein.
The question concerning the biological significance of the cyanide incorporation pathway cannot be answered at this time. Floss et al. (7) considered the possibility that the incorporation of cyanide into asparagine may represent a detoxification process. In cyanogenic plants, breakdown of cyanogenic glucosides yields cyanide which could be incorporated into asparagine. Our data suggest that cotton may have a cyanogenic compound inasmuch as solutions obtained by acid hydrolysis of seed extracts yield positive assays for cyanide. If the cyanide incorporation pathway is significant in cotton root tips, a source of cyanide is necessary. It seems somewhat unreasonable that cyanide would be available normally from the environment. Cyanogenic compounds, if present in cotton, may yield cyanide, which could be incorporated into asparagine. Further research is needed for clarification.
Lees et al. (9) , during their studies with cyanide assimilation by green wheat shoots, compared the photosynthetic assimilation of CO2 with cyanide incorporation in the light. They observed that in the presence of carbon dioxide there was a marked enhancement of cyanide incorporation into asparagine. This observation raised the possibility that there was a relationship between CO2 fixation and cyanide incorporation. Their CO2 fixation experiment, however, was photosynthetic whereas ours is nonphotosynthetic. The possibility that compounds such as serine and cysteine are synthesized photosynthetically from carbon dioxide and then further metabolized with cyanide to form asparagine seems to be quite high. Whether or not there is a direct relationship between the nonphotosynthetic carbon dioxide pathway for asparagine biosynthesis and the cyanide pathway is not clear.
In an attempt to clarify metabolic pathways of CO2 fixation and cyanide incorporation, we assayed for several known enzymes which may be involved. Assays for CO2 fixation pathway enzymes were conducted according to methods which have been previously described (11) . We obtained positive assays for P-enolpyruvate carboxylase, malic dehydrogenase, malic enzyme, and glutamic-oxaloacetic transaminase (unpublished reaction and the other involving the incorporation of cyanide. Asparagine, a main product of both pathways, does not seem to be in a turnover pool and tends to accumulate.
